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Introduction
The type I insulin-like growth factor receptor (IGF-IR) tyrosine kinase is composed of two identical α and two identical β subunits connected by disulfide bonds to form the functional transmembranous homodimeric protein complex. 1, 2 It is thought that ligand binding causes phosphorylation of tyrosine residues 1131, 1135, and 1136 present in the activation loop of the kinase domain in the β subunit. 3 This biochemical event is subsequently followed by phosphorylation and activation of downstream signaling cascades such as IRS-1/m-TOR/PI3K/Akt, Grb/Ras/MAPK, and JAK/STAT. [4] [5] [6] [7] IGF-IR contributes significantly to the development and progression of malignant tumors and to the emergence of therapeutic resistance. 8 IGF-IR induces its oncogenic effects through inhibition of apoptosis and induction of transformation. 9 Recent studies have claimed that a constitutively active IGF-IR can induce ligand-independent tumor cell progression and may be critically necessary in maintaining the activation of certain oncogenes during the transformation process. 10, 11 These effects have been extensively investigated in a variety of solid tumors including breast, prostate, lung, ovary, skin, and soft tissue cancers. [12] [13] [14] [15] [16] It is not surprising, therefore, that inhibitors of IGF-IR are currently being evaluated in several clinical trials enrolling patients with some of the most aggressive and resistant types of solid cancers, and some of these inhibitors have shown promising effects. 17, 18 It is of note that, in contrast to the widely studied solid tumors, not so many studies have been performed to systematically explore a role of IGF-IR in hematologic neoplasms. To the best of our knowledge, most such studies focused on plasma cell myeloma while many fewer studies examined IGF-IR signaling in lymphoma and leukemia. [19] [20] [21] [22] [23] [24] [25] Mantle cell lymphoma (MCL) is a lymphoid neoplasm of B-cell immunophenotype. It is distinguished by a primary genetic event, namely the chromosomal translocation t(11;14)(q13;q32). This translocation juxtaposes the proto-oncogene CCND1 at chromosome 11q13 to the IgH gene at chromosome 14q32. 26, 27 Clinically, MCL constitutes 5 to 10% of all non-Hodgkin's lymphomas, affects more frequently older men, and occurs at an approximate frequency of 3,500 new cases per year in the USA. No curative therapy exists for MCL and there is no consensus on treatment strategies, which are largely nonspecific. 28 These strategies include different chemotherapy combinations plus rituximab (R), such as R-CHOP or the more aggressive regimen R-hyper-CVAD. MCL is one of the most problematic types of malignant lymphoma because it is difficult to treat and patients commonly have a poor outcome after they develop resistance and/or relapse to current therapeutics. In the present study, we evaluated the role of IGF-IR in MCL. We analyzed the expression and activation of IGF-IR in MCL cell lines and patients' tumor samples. We also tested the effects of antagonism of IGF-IR signaling in MCL.
Design and Methods

Cell lines and antibodies
Three previously characterized MCL cell lines were studied: SP-53, Mino, and JeKo-1. 29 Detailed information on other cell lines and the antibodies are included in the Online Supplementary Methods.
Treatments
Selective inhibition of IGF-IR was achieved by using the cyclolignan picropodophyllin (PPP; 407247; Calbiochem, Gibbstown, NJ, USA). PPP was prepared and dissolved in ethanol (less than 0.4% by volume) to a final concentration of 0.5 mM. For IGF-IR short interfering (si) RNA knockdown experiments, cells were transiently transfected with SMARTpool designed siRNA (a mixture of 4 different constructs; M-003012-04; Dharmacon, Lafayette, CO, USA). The siCONTROL Non-Targeting siRNA was used as a negative control (D-001206-13-20; Dharmacon). Transfection of the cells by siRNA was performed using the Nucleofector "R" solution for JeKo-1 and "T" solution for Mino and SP-53, as recommended by the manufacturer (A-023 program for JeKo-1, T-001 for Mino, O-017 for SP-53; Amaxa Biosystems, Basel, Switzerland). Because IGF-I is present in fetal bovine serum, 4.0×10 5 cells/mL of MCL cell lines were maintained in serum-free medium for 24 h. Cells were treated with exogenous IGF-I (291-G1-050; R&D Systems, Minneapolis, MN, USA) at a concentration of 500 ng/mL with or without 5 mg/mL of anti-IGF-IR blocking antibody (MAB391; R&D Systems). In some experiments, cells were treated with rituximab (100 mg/mL, NDC 50242-051-21; Cardinal Health, Dublin, OH), and were also incubated during the treatment with 10% human AB serum (100-318; Gemini Bio-Products, Calabasas, CA, USA) as previously described.
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Polymerase chain reaction analyses, antigen density and western blots
The details of the reverse transcriptase polymerase chain reaction (RT-PCR) and quantitative real time polymerase chain reaction (qPCR) analyses are given in the Online Supplementary Methods, together with the method for measuring IGF-IR antigen density on the cells and the details of the western blotting and immunoprecipitation studies.
Tumor samples, tissue microarray, immunohistochemical staining, and cell sorting Tumor samples available from 23 patients (22 tissues and 4 peripheral blood samples) with a documented diagnosis of MCL were studied after approval of the Institutional Review Board at the M. D. Anderson Cancer Center. Immunohistochemical staining was performed on formalin-fixed paraffin-embedded sections obtained from cell-blocks of cell lines or the human tumors using a DakoCytomation kit (Carpinteria, CA, USA) as previously described. 22, 23, 33, 34 Additional information on immuno histochemical staining is given in the Online Suppl ementary Methods.
In some experiments, cell sorting was performed to separate the MCL cells from peripheral blood samples collected from patients in the leukemic phase of MCL. Cells were simultaneously labeled with the anti-human CD5 and CD19 antibodies (555355, 555412, respectively; BD Biosciences). Cells expressing CD5 and CD19 were sorted using flow cytometry (BD FACSAria IIU Cell Sorter; BD Biosciences).
Other methods and statistical analysis
Exclusion of staining with trypan blue dye, apoptosis and cell cycle analysis, measurement of tyrosine kinase activity, the MTS assay and statistical analysis of the data are described in the Online Supplementary Methods.
Results
Expression of IGF-IR and pIGF-IR in mantle cell lymphoma cell lines and patients' samples
RT-PCR studies showed that IGF-IRα ( Figure 1A ) and IGF-IRβ ( Figure 1B) Figure 1C ). The cell lines R -and Karpas 299 were used as negative and positive controls, respectively. Figure 1D shows that the density of IGF-IRα molecules per cell in MCL cell lines was increased to 420 times its level in normal human B-lymphocytes. The expression of IGF-IR protein in MCL cell lines was additionally demonstrated by using anti-IGF-IRβ antibody for immunoprecipitation followed by anti-IGF-IRβ antibody for western blotting ( Figure 1E , left panel). Furthermore, we detected the expression of pIGF-IR in the MCL cell lines by using the anti-IGF-IRβ antibody for immunoprecipitation followed by anti-pTyr antibody for western blotting ( Figure  1E , left panel). The positive control Karpas 299 cell line expressed IGF-IR and pIGF-IR, whereas the R -cell line was completely negative for both proteins. Densitometric analysis demonstrated that the pIGF-IR represented 50%, 46%, 57%, and 72% of basal IGF-IR in SP-53, JeKo-1, Mino, and Karpas 299 cell lines, respectively ( Figure 1E , right panel). Western blot analysis showed the expression of IGF-IR and pIGF-IR in MCL cell lines cultured in serum-deprived medium for 24 h ( Figure 1F ). qPCR studies also demonstrated the expression of IGF-IR mRNA in these cell lines when cultured in the serum-deprived cell lines (data not shown). R -and Karpas 299 cell lines were used as negative and positive controls, respectively, for the expression of IGF-IR and pIGF-IR.
We also examined the expression of IGF-IR and pIGF-IR proteins in a cohort of primary lymphoma specimens that included 22 tissue and bone marrow specimens and 4 peripheral blood samples collected from 23 MCL patients. Demographic data, specimen types, clinical presentations at time of biopsies, and status of expression of IGF-IR and pIGF-IR are shown in Table 1 . Males accounted for 78% (18/23) of the patients. The age of the patients at biopsy ranged between 46 and 88 years, with a median of 65 years. Of the studied specimens, 70% (16/23) were from relapsed/resistant MCL patients, and 30% (7/23) were diagnostic specimens collected from patients at first presentation. IGF-IR was expressed in 78% (18/23) of the specimens. pIGF-IR was expressed in 94% (17/18) of the IGF-IRpositive specimens and in 74% (17/23) of all specimens. Of the IGF-IR-or pIGF-IR-positive specimens, 72% (13/18) were from patients who presented with relapsed/resistant MCL. Figure 1G illustrates two examples of MCL specimens that were simultaneously positive for IGF-IR and pIGF-IR (panels 1 and 2) and an MCL tumor that was positive for IGF-IR and negative for pIGF-IR (panel 3). A reactive lymph node stained for IGF-IR and pIGF-IR is shown (panel 4). Because tumor tissues were not available from patient 23 (Table 1) 
IGF-I salvages serum-deprived mantle cell lymphoma cell lines from apoptotic cell death
Although IGF-I appears not to be expressed in MCL cell lines, we were still curious to know whether the IGF-IR signaling axis is functional in MCL. Serum-deprived MCL cell lines were treated with IGF-I (500 ng/mL) for 24 h (SP-53) or 36 h (Mino) and apoptosis was analyzed using annexin-V and propidium iodide (PI) labeling. Cells were considered apoptotic if they were annexin-V + or annexin-V + /PI + . IGF-I decreased apoptosis in serum-deprived MCL cell lines ( Figure 2C ). These effects were reversed when the cells were simultaneously treated with IGF-I and anti-IGF-IR blocking antibody (5 mg/mL).
Selective inhibition of IGF-IR by picropodophyllin induces cell death in mantle cell lymphoma
To test whether IGF-IR contributes to the survival of MCL, PPP, a selective inhibitor of IGF-IR, was used. At 24 h, PPP down-regulated pIGF-IR in a concentration-dependent manner without altering baseline IGF-IR levels (the Mino cell line is shown as a representative example, Figure 3A) . At 24 h, IGF-IR tyrosine kinase activity also decreased in MCL cell lines in a concentration-dependent fashion ( Figure  3B ). The decrease in pIGF-IR and IGF-IR tyrosine kinase activity was associated with concentration-and timedependent decreases in cell viability ( Figure 4A ). At 48 h after treatment, IC50 values were 1.2 mM for Mino and 1.7 mM for SP-53 and JeKo-1 ( Figure 4A , lower panel). PPP did not decrease the viability of normal human B-lymphocytes.
Treatment with PPP also induced apoptosis in MCL cell lines ( Figure 4B ). At 24 h, apoptosis of SP-53, JeKo-1, and Mino cell lines was increased by 1.7-, 3.5-, and 3.0-fold, respectively, relative to untreated cells ( Figure 4B , upper panel). At 48 h, apoptosis of SP-53, JeKo-1, and Mino cells lines was increased by 3.0-, 5.5-, and 6.3-fold, respectively, compared to control untreated cells ( Figure  4B , lower panel). Cell cycle analysis revealed that PPP induced a G2/M-phase cell cycle arrest in MCL cell lines after 24 h of treatment ( Figure 4C ). Morphological changes associated with apoptosis and G2/M-phase cell cycle arrest were detected by staining cytospin slides with Giemsa ( Figure 4D ).
Furthermore, treatment of MCL cell lines by PPP induced a concentration-dependent decrease in cell proliferation at 24 h, which was more pronounced at 48 h after treatment. The effect of PPP was more evident in JeKo-1 and Mino cell lines than in the SP-53 cell line ( Figure 4E ).
We also sought to compare the effects of treatment with PPP or rituximab alone versus the effects of combined treatment with both agents. At 48 h, rituximab and PPP decreased the viability of JeKo-1 cells to 78% and 37%, respectively, of the baseline level. Importantly, simultaneous treatment with PPP and rituximab resulted in only 16% cell viability ( Figure 4F , upper panel). The differences among the treatments were also detected when apoptosis was analyzed. After 24 h, rituximab and PPP induced 1.2-and 2.8-fold increases, respectively, in apoptotic cells compared to an increase of 3.9-fold when both agents were used simultaneously ( Figure 4F, lower panel) .
Thus far, the experiments in cell lines suggested that targeting IGF-IR could be a possible approach to treat MCL patients. To examine this possibility further, we performed experiments in primary MCL tumor cells selected by cell sorting from four peripheral blood samples. At 24 h, PPP induced concentration-dependent decreases in the viability and proliferation of IGF-IR-expressing cells (from patients 21, 22, and 23 in Table 1 ) ( Figure 4G ). Importantly, PPP failed to induce these effects in primary MCL cells that were negative for IGF-IR (from patient 8 in Table 1 ).
Biochemical effects of blockade of IGF-IR signaling in mantle cell lymphoma
We performed western blotting of downstream targets of IGF-IR after treatment with PPP (results for the Mino cell line are shown as a representative example in Figure  5A ). PPP induced down-regulation of pAkt and pIRS-1 without altering their total protein levels. In addition, PPP induced changes in apoptosis and cell cycle regulatory proteins. We noticed cleavage of the pro-apoptotic molecules caspase-3, caspase-8, caspase-9, and PARP. In addition, treatment with PPP was associated with increased cytosolic and decreased mitochondrial fractions of cytochrome c. Inhibition of IGF-IR by PPP also induced down-regulation of pCdc2 and up-regulation of cyclin B1, changes that are consistent with the occurrence of G2/M-phase cell cycle arrest.
Small molecule inhibitors, such as PPP, can induce nonspecific effects. Therefore, experiments based on specific approaches were performed using siRNA. Cells were treated with either scrambled or IGF-IR siRNA. At 48 h, treatment with IGF-IR siRNA, and not scrambled siRNA, induced a significant decrease in IGF-IR ( Figure 5B ). The decrease in IGF-IR by siRNA was associated with decreases in pAkt, pJnk, and pIRS-1. Treatment of MCL cell lines with IGF-IR siRNA also increased cyclin B1 and decreased cyclin D1 levels. Finally, there was cleavage of both caspase-3 and PARP.
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Discussion
We have attempted to provide evidence that IGF-IR plays an important role in maintaining the survival of MCL. We found that IGF-IR is over-expressed in MCL cell lines. These cell lines have been developed from MCL patients, and were previously described and characterized. 29 IGF-IR mRNA and protein were remarkably more expressed in MCL cell lines than in normal human B-lymphocytes. Furthermore, we explored whether IGF-IR was phosphorylated/activated in these cells, and the cell lines revealed receptor phosphorylation. We also studied the expression of IGF-IR and pIGF-IR in primary specimens from 23 MCL patients. The expression of IGF-IR and pIGF-IR was detected in 78% and 74%, respectively, of these specimens. Importantly, of the IGF-IR-and pIGF-IR-positive specimens, 72% were from MCL patients who presented with a clinical history of considerable resistance to previously administered therapeutic regimens, including some of the more aggressive regimens such as combined R-hyper-CVAD. Statistical analysis to explore whether significant differences exist between the survival of IGF-IR/pIGF-IRpositive patients and IGF-IR/pIGF-IR-negative ones was not conclusive, which was most likely because of the relatively small number of patients, particularly in the negative group.
A mechanism explaining the up-regulation of IGF-IR in MCL cells compared to in normal human B-lymphocytes has yet to be elucidated. It was previously shown that not only constitutive activation per se, but also the number of IGF-IR molecules per cell appears to play a very important role in the transformation properties of IGF-IR; this phenomenon is considered unusual among receptor tyrosine kinases. In line with this observation, in vitro and in vivo studies in mice showed that only a small increment in the number of IGF-IR molecules per cell can initiate transformation . 36, 37 In our study, MCL cell lines displayed a pronounced increase in the number of IGF-IR molecules/cell relative to the human B-lymphocytes. However, the levels of expres-IGF-IR signaling in mantle cell lymphoma haematologica | 2011; 96 (6) 875 Figure 1G ). showed that head and neck cancer cell lines that expressed lower levels of IGF-IR were less responsive to IGF-IR inhibitors. 38 IGF-I is the primary ligand for IGF-IR. Previous studies have proposed both IGF-I-dependent mechanisms through ligand-receptor interaction as well as IGF-I-independent mechanisms through a constitutively active receptor to initiate the IGF-IR-dependent signaling cascade. 39 We, therefore, wanted to determine whether autocrine secretion of IGF-I was involved in the activation of IGF-IR in MCL cells. There was no apparent expression of IGF-I by JeKo-1 and Mino cells and probable negligible expression by SP-53 cells. The expression of IGF-IR mRNA (data not shown) and IGF-IR and pIGF-IR proteins was also detected in serumdeprived MCL cell lines, suggesting that the expression and activation of IGF-IR are not necessarily dependent on the presence of IGF-I in the surrounding microenvironment. However, it has been shown that circulating IGF-I is increased in cancer patients, [40] [41] and it is still possible that the release of IGF-I from surrounding lymph node stromal cells or from remote sources such as liver parenchyma could induce further enhancement of IGF-IR signaling in MCL. It is of note that circulating IGF-I levels are not known in patients with lymphoma, including those with MCL, and it will be of great interest to systematically explore these levels in future studies. Nonetheless, when serum-deprived MCL cell lines were treated with increasing concentrations of exogenous IGF-I, apoptosis decreased in comparison to untreated cells. These results provide evidence that the IGF-IR signaling axis is functional in MCL. In addition, the antiapoptotic effects exerted by IGF-I were markedly diminished upon addition of an IGF-IR blocking antibody. This is especially important because it indicates that the effects seen upon treatment with IGF-I were not induced through parallel stimulation of the insulin receptor, which can be D. Vishwamitra et al. 876 haematologica | 2011; 96(6) Table 1 ) (G).
stimulated by very high levels of IGF-I.
That IGF-IR is important for the survival of MCL was demonstrated through experiments using PPP, a small molecule inhibitor of IGF-IR. 5 It was previously shown that PPP does not interfere with the highly homologous insulin receptor. 5 PPP does not selectively inhibit IGF-IR tyrosine kinase at the level of ATP binding; instead, it acts through inhibition of the activation loop of the IGF-IR kinase domain. Although the effects of PPP on other kinases are not entirely known, we recently demonstrated that PPP failed to decrease the phosphorylation or tyrosine kinase activity of BCR-ABL. 23 It is important to mention that PPP (AXL1717) is currently being used with promising success in phase I clinical trials that include patients with advanced non-small cell lung cancer. 18, 42 After treatment of MCL cells lines using gradually increasing concentrations of PPP, we found reduced phosphorylation and kinase activity of IGF-IR. Down-regulation of IGF-IR signaling by PPP was associated with decreased cell viability and cell proliferation, apoptosis, and G2/M-phase cell cycle arrest. When we sought biochemical explanations for these effects, we found that PPP-mediated inhibition of IGF-IR was associated with cleavage of caspase-3, caspase-9 and PARP, release of cytochrome c, up-regulation of cyclin B1, and down-regulation of cyclin D1 and pCdc2. These effects are concordant with the occurrence of apoptosis and G2/M-phase cell cycle arrest. PPP also induced a significant decrease in the downstream oncogenic proteins pIRS-1 and pAkt. These effects were further confirmed using IGF-IR siRNA.
The changes observed in IGF-IR downstream target proteins after treating MCL cell lines with PPP are supportive of apoptotic cell death. Our results showed that the apoptosis induced by PPP was executed via activation of the extrinsic and intrinsic pathways. It was previously shown that IGF-IR signaling promotes anti-apoptotic effects by activation of survival signaling pathways, including IRS-1/PI3K/Akt, JAK/STAT, and Ras/MAPK, which induce significant inhibitory effects on both the extrinsic and intrinsic apoptotic pathways. 43 Of particular interest are the findings in the IRS-1 docking protein, which plays an essential role in IGF-IR downstream signaling through binding with the Y950 residue of the IGF-IRβ subunit. Upon phosphorylation, IRS-1 activates the p85 regulatory subunit of PI-3K, leading to activation of important downstream substrates including the p70 S6 kinase and Akt. To our knowledge, this is the first report documenting the expression of IRS-1 and pIRS-1 in MCL, which suggests that these proteins, through interactions with IGF-IR, could contribute to the survival of this aggressive lymphoma.
The occurrence of G2/M-phase cell cycle arrest after inhibition of IGF-IR by PPP is intriguing. We and others have previously reported similar effects of PPP on cell cycle progression in other types of hematologic malignancies. 20, 22, 23 It is possible that the changes observed in cell cycle regulatory proteins as well as the associated G2/M-phase cell cycle arrest are related to uncharacterized effects of PPP. However, this is unlikely to be the case because in the present study down-regulation of IGF-IR by siRNA also caused changes in cell cycle regulatory proteins reminiscent of those observed with PPP. IGF-IR has been shown to contribute to the progression of both the early and late phases of the cell cycle through interactions with cell cycle regulatory proteins. 44 For instance, Wu et al. demonstrated that the monoclonal anti-IGF-IR antibody A12 induces G1/S-phase cell cycle arrest in androgen-dependent prostatic tumors and G2/M-phase cell cycle arrest in androgen-independent ones, testifying to the fact that IGF-IR inhibition can result in cell cycle arrest at any phase of the cell cycle. 13 Considering that cyclin D1 is an early phase cell cycle regulatory protein and it is over-expressed in MCL primarily D. Vishwamitra et al. 878 haematologica | 2011; 96(6) Figure 5 . 
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because of the chromosomal translocation t(11;14) (q13;q32), it is surprising to see that down-regulation of IGF-IR caused G2/M-phase cell cycle arrest despite the decrease in cyclin D1 levels. The contribution of cyclin D1 to the initiation and progression of MCL is controversial. Some investigators have documented that cyclin D1 transgenic mice do not develop lymphoma without possessing additional molecular events such as coexistent myc, whereas others found that nuclear accumulation of cyclin D1 through experimentally induced mutations that interfere with its binding with CRM1 protein and subsequent nuclear export is a prerequisite for lymphoma development and this mechanism does not require any additional molecular events. [45] [46] [47] How cyclin D1 contributes to lymphomagenesis is, however, poorly understood. Regardless, one possible explanation for our observations is that the balance existing between early phase and late phase cell cycle regulatory proteins has been disrupted in favor of G2/M-phase cell cycle arrest after inhibition of IGF-IR in MCL cells. This important finding needs further investigations.
Our data suggest that targeting IGF-IR may represent a reasonable strategy to treat MCL patients. To further explore this possibility, we employed two different experimental approaches. In the first, we sought to explore whether targeting IGF-IR would enhance the effects of rituximab, one of the drugs currently used to treat MCL patients. We elected to use the JeKo-1 cell line in these experiments because this cell line demonstrated a response to PPP that was intermediate between those of the SP-53 and Mino cell lines. Although treatment with rituximab or PPP induced a significant decrease in the viability of JeKo-1 cells, combined treatment further enhanced this effect. Previous in vitro studies demonstrated variable effects of rituximab on apoptosis induction in B-cell lymphoma. [30] [31] [32] Experimental conditions including the presence of complement, duration of treatment, type of lymphoma, and treating primary lymphoma cells versus cell lines, appear to have influenced the outcome of these studies. In our experiments, rituximab alone did not induce a significant increase in apoptosis in JeKo-1 cells at 24 h after treatment. Nonetheless, treatment with PPP led to a marked increase in apoptosis, and this increase became more significant when cells were simultaneously treated with PPP and rituximab. In the second experimental approach, we tested the in vitro effects of PPP on primary MCL cells. PPP induced a concentration-dependent decrease in the viability and proliferation of these cells. However, the effect of PPP on cell viability was lacking in primary MCL cells that were negative for the expression of IGF-IR, which is in further support of the reasonable selectivity of PPP.
In conclusion, we provide evidence that IGF-IR is expressed and activated in MCL cell lines as well as in the majority of MCL primary samples including samples collected from patients who demonstrated considerable resistance to the currently utilized therapeutics. Importantly, IGF-IR signaling appears to contribute to the survival of MCL, and inhibition of IGF-IR induces MCL cell death. Taken together, our results suggest that targeting IGF-IR could represent a potential therapeutic strategy to be utilized for the treatment of MCL patients in the future. 
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